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ABSTRACT
The am pl i tude  v a r i a t i o n  o f  the  l o g a r i th m i c  decrement  D o f  a 
d i s k  ( r a d i u s  k* 2 .5  cm) pe rfo rm ing  t o r s i o n a l  o s c i l l a t i o n s  in  l i q u i d  
He II has been found to  depend on the h i s t o r y  o f  the  he l ium b a th .  
Two types  o f  damping cu rv e s  a r e  ob se rv ed :  (1) The f i r s t  ( c a l l e d
" s t e e p " )  o c c u r s  when the  h e i g h t ,  h ,  o f  th e  ba th  above the  d i s k  i s  
g r e a t e r  th an  some c r i t i c a l  h e i g h t ,  h ' ,  ( 1 5 .8  £ h '  £ 16.8 cm) and 
the  time i n t e r v a l  A  t  between re a c h in g  the  lambda tem p era tu re  T^ 
and th e  i n i t i a l  d e f l e c t i o n  o f  the  d i s k  i s  s h o r t  (A  t  < 30 m in ) ;
(2)  The second ( c a l l e d  " f l a t " )  o c c u r s  when e i t h e r  h < h ' ,  o r  i f  
h > h '  then  A t  must be long (A t  > 60 m in ) .  There i s  a c r i t i c a l  
v e l o c i t y  v a s s o c i a t e d  w i th  each type o f  c u r v e .  For th e  s t e e p  
cu rv es  v£ j I n c r e a s e s  w i th  t e m p e r a tu re  (from 1.33 t o  2.15°K) 
and v a r i e s  w i th  p e r i o d  as t  ^ f o r  p e r io d s  between 3*9 sec  and 
19.6 s e c .  For th e  f l a t  c u rv e s  v ^  i s  in depen d en t  o f  t e m p e ra tu re  
( f rom !.*♦ to  2*156°K), i s  l a r g e r  than  v , ,  and has  a p e r io dC A
dependence g iven  by vc 2 r  ^ -  1.** (cgs  u n i t s )  f o r  p e r io d s  between 
3 .9  sec  and **5.0 s e c .  The d i f f e r e n c e  between s t e e p  and f l a t  
cu rv e s  i s  a t t r i b u t e d  t o  th e  p re sen c e  o f  a l o n g - l i v e d  motion o f  
th e  s u p e r f l u i d  ( p o s s i b l y  an o r d e r e d  a r r a y  o f  q u a n t i z e d  v o r tex  
l i n e s )  i n  th e  s u b c r i t i c a l  f low f o r  th e  s t e e p  case  and the  
absence  o f  t h i s  m otion  f o r  the  f l a t  c a s e .  The low am p l i tu d e  
l o g a r i t h m i c  decrement  Do  i s  found t o  be the  same f o r  the  s t e e p  and
f l a t  curves. The re la t iv e  change in  D from the ca lcu la ted  valueo
<(®0 " Dc e lc ^ o ^  1# found to increase as h A  decreases (X is the
p e n e t r a t i o n  d e p t h ) .  The e x c e s s  damping s l i g h t l y  above v canno t  
be e x p la in e d  by th e  e f f e c t  o f  mutual  f r i c t i o n .  The r e l a t i v e  change 
in moment o f  i n e r t i a  (1^ -  a t  h igh  a m p l i tu d e s  (up to
2 .5  rad)  i n d i c a t e s  t h a t  f o r  th e  s t e e p  c u rv es  about  30% o f  the  
s u p e r f l u i d  i s  o b t a i n e d  f o r  a s e c  p e r i o d  and 5% f o r  a 12 se c  
p e r i o d .  No e n t r a in m e n t  i s  i n d i c a t e d  f o r  th e  f l a t  c u r v e s .
v l l
I .  INTRODUCTION
When a d i s k  o s c i l l a t e s  in l i q u i d  he l ium  I I  a t  very  low 
a m p l i tu d e s ,  the  l o g a r i t h m i c  decrement  i s  independen t  o f  
am pl i tude  and can be used to  d e te rm in e  T^Pn > the p ro d u c t  o f  normal 
f l u i d  v i s c o s i t y  and d e n s i t y .  H o l l i s - H a l l e t t *  was the  f i r s t  to  
r e p o r t  t h a t  above a c e r t a i n  c r i t i c a l  a m p l i tu d e ,  <pc » the  
l o g a r i t h m i c  decrement  i n c r e a s e s  w i th  a m p l i tu d e ;  the  c r i t i c a l  
v e l o c i t y  i s  then  taken  to  be the  v e l o c i t y  o f  the  edge o f  the  d i s k :
vc « 2n <pc R/t  (1)
where R i s  th e  d i s k  r a d iu s  and r  i s  the  p e r i o d .
Exper iments  w i th  o s c i l l a t i n g  d i s k s ,  c y l i n d e r s ,  and sp h e re s
have shown agreement  on the  f o l lo w in g  r e s u l t s :  ( l )  the  c r i t i c a l
v e l o c i t y  v a r i e s  w i th  t e m p e ra tu re  as  p s n (0 .2 5  ^ n £ 0 . 5 ) / ' ^ ' ^ ' * *
where p^ i s  th e  s u p e r f l u i d  d e n s i t y ;  (2) roughness  o f  th e  o s c i l l a t i n g
2 3boundary s u r f a c e  lowers  th e  va lu e  o f  v ; ’ (3) th e  e x ce ss
1 2decrem ent  (D -  Dn) above <pc v a r i e s  a p p ro x im a te ly  as Ps * ’ A
major p o i n t  o f  d i sa g re e m e n t  i s  the  p e r io d  dependence o f  the  c r i t i c a l
v e l o c i t y :  some i n v e s t i g a t o r s  have found vc «  t  and
2 4o t h e r s  have found v̂ , t o  be independen t  o f  p e r i o d . '  O ther  r e s u l t s
o f  o s c i l l a t i n g  boundary ex p e r im e n ts  a r e  the  fo l lo w in g :  (1) v£
L
depends on the s i z e  o f  the  he l ium  b a th ;  (2) the  e f f e c t i v e  d e n s i t y  
a t  h igh  a m p l i tu des  ( a s  r e v e a l e d  by an o s c i l l a t i n g  p i l e  of- d i s k s )  
ex ceeds  pn and may approach  the  t o t a l  d e n s i t y  p («  p s + Pn )* ;
1
2
(3) the  e f f e c t i v e  k in e m a t i c  v i s c o s i t y  a t  h igh  am pl i tude  i s  l e s s  chan
V v 5
In 1958 Donnel ly  and H o l l i s - H a l l e t t  rev iewed ex p er im e n ts  o f  
t h i s  type  and succeeded in  a s s o c i a t i n g  a s i m i l a r i t y  param eter  w ith  
v^.  H a l l ^  has connec ted  t h i s  s i m i l a r i t y  pa ram ete r  w i th  s u p e r f l u i d  
t u r b u le n c e  by assuming t h a t  v^ o c c u r s  when the  average  sp ac in g
between q u a n t i z e d  v o r t e x  l i n e s  becomes o f  the  o r d e r  o f  the
1
p e n e t r a t i o n  dep th  X [ d e f i n e d  as (tj T/irpn ) . However, both of
_ 1
t h e s e  r e s u l t s  depend upon the  c r i t i c a l  v e l o c i t y  v a ry in g  as t  T .
We have measured the  am p l i tu de  dependence o f  the  l o g a r i t h m i c  
decrement  o f  an o s c i l l a t i n g  d i s k  ove r  a w id e r  range  o f  p e r io d s  
( 3 -9  to  4 5 .0  sec)  than b e f o r e .  Our major  r e s u l t s  a r e :  (1) both 
vc and th e  shape o f  the  damping c u rv e s  a r e  s t r o n g l y  a f f e c t e d  by 
the  p re v io u s  h i s t o r y  o f  th e  he l ium  b a th ;  (2) when th e  he l ium  bath  
i s  u n d i s tu r b e d  f o r  a s u f f i c i e n t  time ( ab o u t  one hour)  a f t e r  
lowering  the  t e m p e ra tu re  below the  lambda p o i n t ,  v .  i s  independen tG
o f  t e m p e ra tu re  and v a r i e s  as  t
I I .  EXPERIMENT
The t o r s i o n  pendulum c r y o s t a t  used in  t h i s  i n v e s t i g a t i o n  i s  
shown in  F i g .  1. Both ends  o f  the  q u a r t z  t o r s i o n  f i b e r  A were g lued  
i n t o  h a l f  inch  p ie c e s  o f  No. 23 gauge n e e d le  w i th  A r a l d i t e  epoxy.  
The n e e d le  on the  upper end o f  the  f i b e r  was then  cemented i n t o  a 
p i e c e  o f  No. 8 gauge n e e d le  which was f a s t e n e d  to  the  head p ie c e  B. 
The h e a d t which was used to  a d j u s t  the  z e r o ,  was h e ld  vacuum t i g h t  
by an O - r in g  c o n n e c t io n  to  th e  v e r t i c a l l y  a d j u s t a b l e  s l e e v e  C, which
2a
F i g .  1
was f i x e d  in  a g iv en  p o s i t i o n  on the s t a i n l e s s  s t e e l  tube E by the  
clamp D. The lower end o f  the  q u a r t z  f i b e r  was s i m i l a r l y  connec ted  
to  the  aluminum m i r r o r  mount 1. The f r o n t  s u r f a c e  m i r r o r  G was 
p laced  so t h a t  i t s  r e f l e c t i n g  s i d e  lay  on the  a x i s  o f  r o t a t i o n .
J u s t  above the  m i r r o r ,  in  the  c e n t e r  o f  th e  mount, was p la c e d  a 
c y l i n d r i c a l  p i e c e  o f  m agne t ized  s t e e l  H, which was used in  c o n n e c t io n  
w i th  a s e t  o f  e x t e r n a l  Helmholtz  c o i l s  to  d e f l e c t  the  system to  a 
d e s i r e d  a m p l i tu d e .  A f t e r  the  i n i t i a l  d e f l e c t i o n  the  Helmholtz  
c o i l s  were removed. To the  bottom o f  the  m i r r o r  mount was cemented 
a long g l a s s  tube  J o f  l e n g th  80 cm and o u t s i d e  d ia m e te r  0 .31  cm.
The lower end o f  the  tube  was f a s t e n e d  to  the  d i s k  0. Three  
h i g h l y  p o l i s h e d  d i s k s  were used ( s e e  T ab le  I ) .  The d i s k  cou ld  be 
p u l l e d  up to  the  s h i e l d  N by means o f  the  s l e e v e  C. This  was done 
to  p re v e n t  the  s u r f a c e  o f  the  d i s k  from being  c o n tam in a ted  w ith  
f r o s t  o r  d u s t  p a r t i c l e s  d u r in g  th e  p r e c o o l in g  and t r a n s f e r r i n g  
p r o c e s s e s .  The s h i e l d  i s  a p i e c e  o f  aluminum f o i l  which e x te n d s  
t o  the  w a i l s  o f  th e  g l a s s  dewar P and has a 13 mm d iam e te r  h o le  i n  
i t s  c e n t e r .  At i t s  o u t e r  edge,  the  s h i e l d  i s  a t t a c h e d  to  a b ra s s  
r i n g  which i s  hung by t h r e e  t h i n - w a l l e d  s t a i n l e s s  s t e e l  tu bes  H 
( o . d .  1 .5  mm) from the  pumping c o l l a r  L- When the  d i s k  was 
lowered,  i t  was ^ . 6  cm from th e  s h i e l d  and 10.5 cm from the  bottom 
o f  the  he l ium  f l a s k .  The i n s i d e  d iam e te r  o f  the  he l ium  f l a s k  was 
7 .0  cm.
The a m p l i tu de  o f  o s c i l l a t i o n  was measured by r e a d in g  the  
l e a d in g  edge o f  the  focused  image o f  a s t r a i g h t - f i l a m e n t  l i g h t  
so u rce  on a c i r c u l a r  s c a l e  o f  r a d i u s  1/3 m. The viewing chamber F
Tab le  I . E x p e r im en ta l  Disks
Disk R ad ius3
(cm)
T h ic k n e s s8
(cm)
Moment o f  I n e r t i a  
(9 cm2)
M ater i  a l
A 2.5103 0 .1566 82.576 Brass
B 2.5318 0 .2976 161.161+ Brass
C 2.5307 0.1581+ 28.1+28 Aluminum
^ b e s e  a r e  t h e r m a l l y  c o n t r a c t e d  d im e n s io n s .
4
was tu rn ed  down from a P l e x i g l a s  tube to  a t h i c k n e s s  o f  0.079** cm 
and r a d iu s  o f  4 .85  cm. The w idth  o f  the  l i g h t  image on the  s c a l e  
was 0 .7 5  mm. A s i m i l a r  l i g h t ,  focused  o n to  a s l i t  p laced  in  f r o n t  
o f  a p h o t o m u l t i p l i e r  tube ,  was used to  measure th e  p e r io d  of  
o s c i l l a t i o n .  The width  o f  the  l i g h t  a t  t h i s  s l i t  was 1.5 mm and 
the  s l i t  was 0 .5  mm w ide .  The d i s t a n c e  from the  m i r r o r  to  the  
p h o t o m u l t i p l i e r  was 1.5  m. The p u l se  from th e  p h o t o m u l t i p l i e r  was 
fed i n t o  an a m p l i f i e r ~ p u l s e  shaper  and a s c a l e - o f - t w o  c i r c u i t  
( t o  e l i m i n a t e  the  m id -p e r io d  p u l s e ) .  The r e s u l t i n g  sq u a re  wave 
p u l s e s  were d i f f e r e n t i a t e d  and used to  a c t i v a t e  a 1 MHz time base 
c o u n t e r .  P e r io d  accu racy  a t  low a m p l i tud es  v a r i e d  from 0 .1  msec 
a t  the  s h o r t  p e r io d s  to  1 msec a t  the  longer  p e r i o d s .
The tem p era tu re  was r e g u l a t e d  w i th  an e l a s t i c  membrane
g
r e g u l a t o r  o f  the  Walker t y p e ,  and was measured w i th  an o i l
3
manometer. The o i l  used had a d e n s i t y  o f  O.9 8 I g/cm .
Measurements were made o f  the  am pl i tude  dependence o f  the
l o g a r i t h m i c  decrement  and p e r io d  o f  each t o r s i o n  f i b e r  in  vacuum 
-6(~  2 x 10 mm H g) . The vacuum decrement f o r  a l l  f i b e r s  used was 
e s s e n t i a l l y  independen t  o f  am pl i tude  and ranged from O.QQO96 f o r  
the  t h in  f i b e r s  to  0 .00007 f o r  the  t h i c k e r  o n e s .  The vacuum p e r i o d  
v a r i e d  w i th  am pl i tude  ( a t  1.5 rad the  change was 100 msec f o r  a 12 
sec  p e r io d  and l e s s  than  1 msec f o r  a 4 se c  p e r i o d ) ,  but  the  change 
was r e p r o d u c e a b l e , so c a l i b r a t i o n  c u rv e s  were taken  b e fo re  and a f t e r  
each run and the  l i q u i d  he l ium  d a ta  were c o r r e c t e d  f o r  th e  vacuum 
v a r i a t i o n .  Measurements o f  the  p e r io d  in  the  l i q u i d  were made by 
m easur ing  s i n g l e  p e r i o d s ,  and a t  the  low am p l i tu d e s  s e v e r a l  p e r i o d s
5
were averaged and a smooth curve  drawn through th ese  p o i n t s  was 
used in  a n a ly z in g  the  r e s u l t s .  The damping was small  enough so 
t h a t  the l o g a r i th m ic  decrement cou ld  be de te rm ined  from the  
e x p re s s  ion
D -  [ I n  (< p . /< p j ) ] / ( j - i )  (2)
where cp. i s  the  i th a m p l i tu d e .  T h is  e x p r e s s io n  i s  a f a c t o r  2tt 
l a r g e r  than  the  one used by H o l l i s  H a l l e t t . *  For runs  w i th  the  
s m a l l e s t  damping, the  number o f  a m p l i tu des  ( j - i )  used in Eq. (2) 
ranged t y p i c a l l y  from 7 a t  th e  h igh  a m p l i tu d e s  to  30 a t  the  low 
a m p l i tu d e s ;  f o r  runs w i th  l a r g e r  damping, the  range was t y p i c a l l y  
to  15. Values o f  the  c r i t i c a l  v e l o c i t y  d e te rm ined  from se m i- lo g  
p l o t s  o f  v s .  i were in  v e ry  good agreement  with  those  o b t a i n e d  
from cu rves  o f  D v s .  <p. The l o g a r i th m i c  decrem ents  measured in 
Hell  ranged from 0.0022 f o r  d i s k  B to  0.01*5 f o r  d i s k  C.
111. RESULTS
A. Damping Curves
F ig u re  2 shows th e  am p l i tu d e  dependence o f  the  l o g a r i th m ic  
decrement D o f  d i s k  C taken  on two s e p a r a t e  days a t  ap p ro x im a te ly  
the  same t e m p e r a t u r e .  For c o n ven ience ,  we d e s c r i b e  the  upper curve  
as " s t e e p "  and the  lower cu rv e  as " f l a t " .  As long as the  tem pera­
t u r e  remained below the  lambda tem p era tu re  T^, the  damping cu rves  
were a l l  o f  the  same type ,  i . e .  e i t h e r  a l l  s t e e p  o r  a l l  f l a t .  We 
have found t h a t  the  d i f f e r e n c e  between s t e e p  and f l a t  cu rv e s  i s  n o t  
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th e  d i s k  (whether  by many small  impulses  o r  by a few l a r g e  i m p u l s e s ) , 
o r  (3) th e  p o s i t i o n  o f  th e  d i s k  as th e  t e m p e r a tu re  passed  through 
(whether  lowered o r  h e ld  a g a i n s t  the  s h i e l d  N ) . The d i f f e r e n c e
i s  due to  (1) the  h e i g h t  o f  the  bath a t  the  time o f  the  i n i t i a l
d i s k  d e f l e c t i o n ,  (2) th e  time i n t e r v a l  A t  between reach in g  
and the  i n i t i a l  d i s k  d e f l e c t i o n ,  and p o s s i b l y  (3) the p resen c e  
o f  the  s h i e l d  N. Using th e  c r y o s t a t  i n  F i g ,  I ( i n c l u d i n g  s h i e l d  
N) we have found t h a t  in  o r d e r  to  o b t a i n  a s t e e p  curve  i t  i s  
n e c e s s a r y  t h a t  the  ba th  h e ig h t  h above the d i s k  a t  the  i n i t i a l  d i s k  
d e f l e c t i o n  be g r e a t e r  than  some c r i t i c a l  va lue  h 1 and t h a t  A t  
be s u f f i c i e n t l y  s h o r t  (p ro b ab ly  l e s s  than  30 m in ) .  To o b t a i n  a 
f l a t  cu rve  i t  i s  n e c e s s a r y  to  have h < h * , o r  i f  h > h* then A t  
must  be s u f f i c i e n t l y  long (abou t  1 h o u r ) .  The l i m i t s  on h '  
have been found to  be 15.8 £ h 1 £ 16.8  cm. A few runs taken 
w i t h o u t  th e  s h i e l d  i n d i c a t e  e i t h e r  t h a t  h '  i s  lower in the  absence
o f  the  s h i e l d  ( l e s s  than  10 cm) o r  t h a t  pe rhaps  the  p resence  o f
th e  s h i e l d  i s  n e c e s s a r y  to  g e t  a f l a t  c u r v e .  I t  shou ld  be p o in te d  
o u t ,  however , t h a t  once a s t e e p  o r  f l a t  cu rv e  was e s t a b l i s h e d  the  
low ering  o f  th e  l i q u i d  l e v e l  below th e  s h i e l d  d id  n o t  change th e  
type  o f  c u r v e .
O c c a s i o n a l l y ,  cu rv e s  t h a t  were n e i t h e r  s t e e p  nor f l a t  were 
o b s e r v e d .  These cu rves  were e i t h e r  in  between the  s t e e p  and f l a t  
cu rv es  (8 o u t  o f  125 c u r v e s ) ,  e x h i b i t i n g  a c r i t i c a l  v e l o c i t y  in 
between those  f o r  s t e e p  and f l a t ,  o r  lower than th e  f l a t  cu rv e s  
(“ u l t r a - f l a t " ,  7 o u t  o f  125), fo u r  o f  which e x h i b i t e d  c r i t i c a l  
v e l o c i t i e s  in  agreement w i th  the  f l a t  cu rv e s  and t h r e e  which had
7
c r i t i c a l  v e l o c i t i e s  h ig h e r  than  the  f l a t  o n e s .  However, t h e r e  was 
no c o r r e l a t i o n  between the  o c c u r r e n c e  o f  th ese  odd cu rv e s  and the 
time i n t e r v a l  £  t ;  in  p a r t i c u l a r ,  one u l t r a - f l a t  cu rve  was o b t a in e d  
w i th  a A t  of  o n ly  10 min.  Of the  125 c u rv e s ,  88% were e i t h e r  
s t e e p  o r  f l a t .  On t h r e e  s e p a r a t e  o c c a s i o n s ,  both  s t e e p  and f l a t  
c u rv e s  were o b t a in e d  on the  same day by warming above T^. I t  
shou ld  be emphasized t h a t  the  low am pl i tude  damping was the  same 
f o r  both s t e e p  and f l a t  c u r v e s .
F l a t  c u rv e s  a t  d i f f e r e n t  t e m p e ra tu re s  f o r  an 11.5^ sec  p e r io d  
a r e  shown in  F i g .  3 .  Above th e  c r i t i c a l  am p l i tu de  th e  lo g a r i th m ic  
decrement i n c r e a s e s  and e v e n t u a l l y  becomes l i n e a r  in  the  am pl i tude  
up to  th e  h i g h e s t  a m p l i tu des  measured ( 2 .5  r a d ) .  The s lo p e  
(= dD/dtp) a t  the  high a m p l i tu d e s  was found to  va ry  as r 7 / I  as 
shown in  F i g .  k ,  where I  i s  th e  moment o f  i n e r t i a  o f  the  d i s k  and 
T i s  the  p e r i o d .
S te ep  c u rv e s  a t  d i f f e r e n t  t e m p e ra tu re s  f o r  an 11.5** sec  p e r io d
a re  shown in  F i g .  5* At the  h igh  a m p l i tud es  t h e s e  cu rv es  a l s o  a re
l i n e a r  in  th e  a m p l i tu d e ;  th e  s l o p e  v a r i e s  as r  / I ^ d  as shown in
F i g .  6 ,  where d i s  the  t h i c k n e s s  o f  the  d i s k ,  
q
R o se n b la t  has shown t h a t  the  c e n t r i f u g a l  f o r c e s  on f l u i d  
n ea r  an o s c i l l a t i n g  d i s k  cause  a r a d i a l - a x i a l  secondary  flow which 
makes the  damping o f  the  d i s k  change w i th  a m p l i tu d e ;  such changes 
have r e c e n t l y  been obse rved  in  c l a s s i c a l  f l u i d s . ^  The dashed 
c u rv e s  in  F i g .  3 and F i g .  5 i n d i c a t e  th e  changes e x p e c te d  f o r  
seco nd a ry  f low o f  th e  normal f l u i d  o n l y ,  as  g iv en  by t h e  e m p i r i c a l  
r e s u l t s  o f  F o l s e . ^
3>( RADIANS)
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On s e v e r a l  o c c a s io n s  we s t u d i e d  the  e f f e c t  o f  s u r f a c e  roughness  
by p l a c in g  i ro n  f i l i n g s  on the  d i s k .  For the  s t e e p  c u rv e s ,  we 
found t h a t  s u r f a c e  roughness lowers the  c r i t i c a l  v e l o c i t y  and makes 
the  high  am pl i tude  p a r t  o f  th e  damping cu rv e  s t e e p e r .  There was 
some i n d i c a t i o n  t h a t  s u r f a c e  roughness  had no e f f e c t  on the  f l a t  
c u rv e s ,  but  t h i s  r e s u l t  i s ,  as y e t ,  i n c o n c l u s i v e ,
B. C r i t i c a l  V e l o c i t i e s
The c r i t i c a l  v e l o c i t i e s  v ^  a s s o c i a t e d  w i th  the  f l a t  cu rves  
a r e  shown in  F i g .  7 .  For p e r io d s  between 3*9 se c  and 4 5 .0  s e c ,  
v .  i s  independ en t  o f  t e m p e r a t u r e .  The p e r io d  dependence i s  g iven
C 6
_ 1
by v ^ -  1 .4  r  3 cm/sec ,  which i s  r e p r e s e n t e d  by the  s o l i d  l i n e s  
in  F i g .  7. The c r i t i c a l  v e l o c i t i e s  v  ̂ f o r  the s t e e p  cu rves  a re  
shown in  F i g .  8 .  For p e r io d s  between 3 .9  s e c  and 19-6 s e c ,  we f i n d  
t h a t  t h e  p e r io d  dependence a t  the  lower t e m p e ra tu re s  i s  g iven  by
__L 2
V * 0 . 7  t  c m /se c .  The r e s u l t s  o f  Gamtsemlidze ( r  ■ 8 .9 5  sec)  
and H o l l i s  H a l l e t t *  ( r  “  11.0 sec)  a r e  i n d i c a t e d  by th e  broken l i n e  
and the  c r o s s e s  r e s p e c t i v e l y .
C. P e r io d  Measurements
The p e r io d  o f  o s c i l l a t i o n  p ro v id e s  a measure o f  th e  added
2 2moment o f  i n e r t i a  I fl -  ol( t  “ T ) ,  where r  i s  t h e  p e r io d  o f  the  
d i s k  o s c i l l a t i n g  in  th e  l i q u i d ,  r y i s  th e  p e r i o d  in  vacuum, and 
a  i s  th e  t o r s i o n  c o n s t a n t .  The r e l a t i v e  change in  I w i th  
a m p l i tu d e  i s  then  g iv en  by
<X.  -  -  IT2 -  t 0 2) / ( t 0 2 -  Tv2) (3)
where I  and t  a r e  low am pl i tude  v a l u e s .  Our r e s u l t s  f o r  a 3 .9  sec
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p e r io d  a t  a h igh  and low te m p e ra tu re  fo r  both s t e e p  and f l a t
cu rv e s  a r e  shown in  F i g ,  9 ,  The low te m p e ra tu re  r e s u l t s  can be
compared w i th  those  in F i g ,  10 f o r  an 11.5^ sec  p e r i o d .  In both
f i g u r e s  the  dashed cu rv e s  r e p r e s e n t  what i s  ex p ec te d  from secondary
flow o f  the  normal f l u i d  only.***
D. Low Amplitude Damping
We have compared our obse rved  l o g a r i t h m i c  decrement Dq a t  low
a m p l i tu d e  w i t h  a c a l c u l a t e d  v a l u e  D . based upon T) from theCd ic  n
r o t a t i n g  c y l i n d e r  v iscom ete r**  and p n from the  second sound
12v e l o c i t y .  The e x p r e s s io n  f o r  D . i s  the  same as t h a t  used by
C d  1C
16 11 Dash and T a y lo r ,  but  w i th  a c o rn e r  p a ra m ete r  o f  0 . 3 0 .  In
g e n e r a l ,  D , and D a g re e  w i t h i n  e x p e r im e n ta l  e r r o r ,  but  a t  low
C 3 1 C  O
f l u i d  depth  and l a r g e  p e n e t r a t i o n  d e p th ,  Dq i s  s i g n i f i c a n t l y  
h i g h e r .  On s e v e r a l  o c c a s io n s  w i th  the  he l ium  a t  c o n s t a n t  tem pera­
t u r e ,  Dq was o b se rv ed  to  i n c r e a s e  as th e  f l u i d  l e v e l  f e l l  to  w i t h in  
100 to  200 p e n e t r a t i o n  dep ths  o f  the  d i s k  s u r f a c e .  F i g .  11 shows
t h a t  ( D - D  . )/D , depends o n ly  on th e  r a t i o  h/X, where h i so c a i c  ca i c
the  f l u i d  l e v e l  above th e  d i s k  and X i s  th e  p e n e t r a t i o n  d e p th .  The 
r e s u l t s  in  F i g .  11 a r e  independen t  o f  w he ther  th e  danping cu rve  i s  
s t e e p  o r  f l a t ,  o r  whether  the  s h i e l d  was p r e s e n t ,  o r  which d i s k  
was u s e d .
I t  a p p ea rs  t h a t  in  s u p e r f l u i d  he l ium  th e  f r e e  s u r f a c e  can 
become a s e r i o u s  so u rce  o f  e n e rg y  l o s s  in  o s c i l l a t i n g  d i s k  e x p e r i ­
ments when th e  f l u i d  l e v e l  i s  w i t h i n  a few hundred p e n e t r a t i o n
d e p t h s .  T h is  r e s u l t  may e x p l a i n  the  high  v a lu e s  o f  f] o b t a i n e d  w i th  
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methods.***’ ** Comparison w i th  the  r e s u l t s  o f  F o lse*^  shows t h a t  
t h i s  dep th  e f f e c t  does n o t  o c c u r  in  c l a s s i c a l  l i q u i d s .
IV. DISCUSSION
A. Types o f  Damping Curves
We w i l l  assume t h a t  the  e x c e s s  energy  d i s s i p a t i o n  a t  h igh 
am p l i tu d es  o r i g i n a t e s  from tu r b u le n c e  in  th e  s u p e r f l u i d .  H a l l ^  
and V i n e n ^  have shown how the c o n cep t  o f  s u p e r f l u i d  tu r b u le n c e  
can be in t r o d u c e d  in  the  framework o f  a q u a n t i z e d  v o r t e x  l i n e  
model .
In the  p r e s e n t  i n v e s t i g a t i o n  we o b se rve  t h a t  th e  type o f  
damping curve  depends on the  time i n t e r v a l  A  t  from re a c h in g  the 
lambda p o i n t  t o  the  i n i t i a l  d e f l e c t i o n  o f  th e  d i s k .  One e x p la n a t i o n  
o f  t h i s  behav io r  i s  t h a t  the s u p e r f l u i d  i s  c r e a t e d  o r i g i n a l l y  in 
a s t a t e  o f  d i s o r g a n iz e d  motion and i f  the  sys tem i s  u n d i s tu r b e d  
( t h e  d i s k  i s  n o t  d e f l e c t e d )  t h i s  random p r im o r d ia l  f low e v e n t u a l l y  
d e ca y s ,  l e a v in g  th e  s u p e r f l u i d  r e l a t i v e l y  m o t i o n l e s s ,  jo t h a t  
su bseq u e n t  measurements produce f l a t  c u rv e s ;  but  i f  soon a f t e r  
re a c h in g  the  d i s k  i s  d e f l e c t e d  to  h igh  a m p l i tu d e s ,  then  the 
i n i t i a l  random motion o f  the  s u p e r f l u i d  i s  o r g a n iz e d  i n t o  a long-  
l iv e d  s t a t e ,  and a s t e e p  curve  r e s u l t s .  However, s i n c e  the  low 
am p l i tud e  damping i s  the  same f o r  both s t e e p  and f l a t  c u rv e s ,  t h i s  
l o n g - l i v e d  motion o f  the  s u p e r f l u i d  must n o t  i n t e r a c t  w i th  the  d i s k  
a t  low a m p l i tu d e .  In the  framework o f  the  v o r t e x  l i n e  p i c t u r e ,  
we co u ld  i n t e r p r e t  the  l o n g - l i v e d  s u p e r f l u i d  motion in  the  s t e e p  
case  as some s o r t  o f  o r g a n iz e d  a r r a y  o f  q u a n t i z e d  v o r t e x  l i n e s .
I t  shou ld  be no ted  however,  t h a t  whatever  the  s u b c r i t i c a i  v o r t e x
11
c o n f i g u r a t i o n  i s  f o r  the  s t e e p  c u rv e s ,  i t  remains p r e s e n t  f o r  long 
p e r i o d s  o f  time ( a t  l e a s t  8 hours  f o r  a s e r i e s  o f  cu rv e s  and 70 
min in between c u rv e s )  and may p e r s i s t  i n d e f i n i t e l y .  We never  
o bse rv ed  a t r a n s i t i o n  from one type o f  cu rve  to  a n o th e r  as long 
as th e  t e m p e ra tu re  remained below T .
A
R e s u l t s  which depend on the  p re v io u s  h i s t o r y  o f  the  bath 
have been o bse rved  in  a number o f  o t h e r  l i q u i d  he l ium  e x p e r im e n ts ,
e s p e c i a l l y  in th o se  d e a l i n g  w i th  thermal  c o u n te r f lo w  in  wide
20-23 -3c h a n n e ls  (diam > 10 cm). A l l  o f  the  h i s t o r y  e f f e c t s  in  the
therm al  c o u n te r f lo w  e x p e r im e n ts  were a t t r i b u t e d  t o  the  p resence
o f  l i n g e r i n g  v o r t i c i t y  in the  s u p e r f l u i d .  In the  r o t a t i n g
2 kbeaker  e x p e r im e n t  o f  Reppy and Lane, two d i f f e r e n t  r e s u l t s  were 
o b t a i n e d :  u s u a l l y  th e  s u p e r f l u i d  would absorb  a n g u la r  momentum
from the c o a s t i n g  beak e r ,  o c c a s i o n a l l y  i t  would n o t ;  th e se  r e s u l t s  
a l s o  were a t t r i b u t e d  to  the  p re s e n c e  o r  absence o f  p r im o r d ia l  
v o r t e x  l i n e s .
Ju d g in g  from the magnitude and tem p era tu re  dependence o f  the
c r i t i c a l  v e l o c i t i e s  and the  q u a l i t a t i v e  shape o f  the  lo g a r i th m ic
d ecrem ent  cu rv e s  fo r  a s i n g l e  d i s k  ob se rv ed  by bo th  H o l l i s - H a l l e t t *
2
and Gamtsemlidze,  we can c l a s s i f y  t h e i r  d a t a  in  th e  s t e e p  c a t e g o r y .  
However, some of the  damping c u rv e s  shown f o r  a p i l e  o f  d i s k s  in  
th e  p i o n e e r in g  work o f  H o l l i s - H a l l e t t  a re  q u a l i t a t i v e l y  d i f f e r e n t ,  
and may be o f  the  f l a t  t y p e .
B. C r i t i c a l  V e l o c i t i e s
The tem p e ra tu re  independence  o f  vc2 (between 1 , k  and 2 .15°^ )  
r e p o r t e d  h e re  i s  in  sh a rp  d isa g ree m e n t  w i th  the  p s ^ dependence found
12
in most p re v io u s  exp er im e n ts  o f  t h i s  ty p e .  However, t h e r e  have
been many o t h e r  ty p es  o f  e x p er im en t  which have y i e l d e d  t em p era tu re
independen t  c r i t i c a l  v e l o c i t i e s .  For example, R icc i  and
25V ic e n t in i - M is s o n i  have used a beam o f  ions  to  s tu d y  h e a t  f low
in wide c h a n n e ls  ( 0 .8  cm) and have found c r i t i c a l  v e l o c i t i e s  which
were c o n s t a n t  from 0 .8 9  to 1.92°K; Vermeer, Van Alphen, e t .  a l . ^
have performed measurements o f  g r a v i t a t i o n a l  s u p e r f l u i d  f low in
wide c h an n e ls  w i th  the  normal f l u i d  he ld  m o t io n l e s s  by means o f
s u p e r l e a k s  and have found v^ to  be independen t  o f  t e m p e ra tu re  fo r
a wide range  o f  channe l  s i z e  (from 0 .44  to  0.0015 cm); K e l l e r  and 
27Hammel have s t u d i e d  i so th e rm a l  g r a v i t a t i o n a l  f low through two
narrow s l i t s  (2 .2 9  * 10 cm and 3.1 x 10 cm) and have found
v to  be in depend en t  o f  t e m p e ra tu re  e x c e p t  f o r  a sm al l  r eg io n  in c
th e  v i c i n i t y  o f  where v£ f a l l s  r a p i d l y  t o  z e r o .  S im i la r
2 8  2Q
behav io r  i s  a l s o  found in f i lm  f low o f  H e l l ,  ’ a l th ou g h  the
r e s u l t s  a re  co m p l ica te d  by u n c e r t a i n t i e s  in  th e  f i lm  t h ic k n e s s  and
the  a p p r o p r i a t e  va lue  o f  p s *
K e l l e r  and Hammel have o b se rv ed  t h a t  th e  narrow re g io n  -  T,
in which vc drops from i t s  c o n s t a n t  low - tem pera tu re  va lue  to  z e ro
30a t  T^, d e c r e a s e s  w i th  i n c r e a s in g  channel  w id th ;  Clow and Reppy
have seen  the  same r e s u l t  w i th  a s u p e r f l u i d  gy ro scop e .  In view o f
t h i s  i t  i s  u n d e rs t a n d a b le  t h a t  we o b se rv e  no d e c r e a s e  in v ^ UP to
the  h i g h e s t  t e m p e ra tu re  (2.15&°K) s i n c e  o u r  s m a l l e s t  c h a r a c t e r i s t i c
d imension was A «  0 .014  cm. Langer and F i s h e r ^  have developed  a
th eo ry  to  e x p l a i n  t h i s  d e c r e a s e  o f  v n e a r  T. based on the
c A
id ea  t h a t  n ea r  t h e r e  shou ld  be an i n t r i n s i c  c r i t i c a l  v e l o c i t y
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f o r  the  s u p e r f l u i d  p r o p o r t i o n a l  to  the  s u p e r f l u i d  d e n s i t y  p  .
32Vinen d i s t i n g u i s h e s  between two typ es  o f  c r i t i c a l  v e l o c i t y ,  
an " i d e a l "  type  in  which the  s u b c r i t i c a l  s u p e r f l u i d  f low i s  
f r i c t i o n l e s s  and f r e e  o f  v o r t e x  l i n e s ,  and a " n o n - i d e a l "  type in  
which v o r t e x  l i n e s  a re  p r e s e n t  in  the  s u b c r i t i c a l  f lo w .  One 
would e x p e c t  t h a t  the  n o n - i d e a l  c r i t i c a l  v e l o c i t y  would o r d i n a r i l y  
be lower than th e  i d e a l  type  because  the  v o r t e x  l i n e s  in  the  
s u b c r i t i c a l  r eg io n  would a c t  as n u c l e i  fo r  the  growth o f  more 
l i n e .  However, i t  i s  d i f f i c u l t  to  d e te rm in e  what ty pes  o f  
e x p er im en t  g iv e  i d e a l  c r i t i c a l  v e l o c i t i e s ;  p e r s i s t e n t  c u r r e n t  and 
f i lm  f low e x p e r im e n t s  a r e  su g g e s te d  by Vinen.  S ince  th e se  
ex p e r im e n ts  lead  to  c r i t i c a l  v e l o c i t i e s  which a re  p robab ly  
t e m p e ra tu re  in dep en d en t  ( e x c e p t  nea r  T ^ ) , i t  i s  p o s s i b l e  t h a t  
t e m p e ra tu re  independence  may be an i d e n t i f y i n g  f e a t u r e  o f  i d e a l  
c r i t i c a l  v e l o c i t i e s .  I f  t h e s e  i d e a s  a r e  c o r r e c t ,  i t  i s  r e a s o n a b le  
to  i d e n t i f y  the  c r i t i c a l  v e l o c i t i e s  o b t a i n e d  from our  f l a t  damping 
c u rv e s  as i d e a l  and th o s e  o b t a i n e d  from the  s t e e p  damping c u rv e s  
as  n o n - i d e a l .
Wilks has c o r r e l a t e d  c r i t i c a l  v e l o c i t i e s  in  wide c h an n e ls  
(> 10 cm) by means o f  the  e x p r e s s io n
vc “ ^  ^ / M d ) [ £ n ( d / 3a0 J ] ( 1+)
“8where d i s  a c h a r a c t e r i s t i c  l e n g th ,  aQ -  1 .2 x 10 cm, and M 
i s  the  mass o f  a he l ium  atom. S ince  aQ i s  ve ry  s m a l l ,  the  
l o g a r i th m i c  f a c t o r  i s  r e l a t i v e l y  i n s e n s i t i v e  to  the  va lu e  o f  d, 
so e q .  (4) im p l i e s  v d M c o n s t .  T h e r e f o r e ,  our  r e s u l t
14
I
Vc2T* = 1.1+ s u g g e s t s  t h a t  d i s  a p e n e t r a t i o n  dep th  based on an
e f f e c t i v e  k inem at ic  v i s c o s i t y  v  which i s  independen t  o f  t e m p e r a tu re .
“if 2The va lue  o f  p o b t a i n e d  in  t h i s  manner i s  ^  > 1.2 x 10 cm / s e c ,  
which i s  sm a l l e r  than the normal f l u i d  k in e m a t ic  v i s c o s i t y  i >n .
We a s s o c i a t e  w i th  v ^ a c r i t i c a l  v a lu e  o f  the  Reynolds number Re.
Re i s  d e f in e d  by
Re -  v X/p -  v(r/TT p ) 2 t5)
and has a c r i t i c a l  v lue  o f  72.
33Van Alphen e t  a l . have proposed t h a t  in e x p e r im e n ts  where 
the  normal f l u i d  v e l o c i t y  v^ i s  n o t  n e g l i g i b l e  th e  c r i t i c a l  
v e l o c i t i e s  a r e  r e l a t e d  to  c l a s s i c a l  t u r b u le n c e  in  th e  normal f l u i d .
d/°v n
They propose  a Reynolds number Re * -------  which i s  based  on the
Vn
normal f l u i d  v i s c o s i t y  77̂  and the  t o t a l  d e n s i t y  p . Using
1
d = (rj T/tr p ) ^  and v -  v_*j* we f i n d  t h a t  the  c r i t i c a l  va lue  o f  n '  n
t h e i r  Reynolds number ranges  from 6 k  to  8*+ between 2.15°K and
1 . 3°K. Our va lue  o f  72 i s  in  good agreem ent ,  as would be
ex pec ted  s i n c e  our  e f f e c t i v e  p  i s  approx im ate  ly equa l  t o  TJn / p .
In s p i t e  o f  t h i s  agreem ent ,  we do n o t  b e l i e v e  t h a t  a t r a n s i t i o n
to  c l a s s i c a l  t u r b u le n c e  tak e s  p l a c e  a t  t h i s  va lue  o f  Re. We
have made measurements in  hel ium gas a t  *t.2°K and in l i q u i d  helium
I  a t  2.1+0K up to  Re * 1+30 and have o bse rv ed  o n ly  g ra d u a l  i n c r e a s e s
in damping c o n s i s t e n t  w i th  the  sm a ll  i n c r e a s e s  e x p ec te d  from 
10secondary  f low .  The measurements  o f  F o l s e  ex te n d ed  up to 
Re -  210 in  w a te r ;  no sh a rp  changes in  damping were s e e n .  A 
t r a n s i t i o n  to  t u r b u le n c e  would presumably  be accompanied by sh a rp
i n c r e a s e s  in  damping above th e  c r i t i c a l  am p l i tu d e  such as those
3
obse rved  by Benson and H o l l i s  H a l l e t t  f o r  an o s c i l l a t i n g  sphe re
in  he l ium  gas (Re -  230) and in he l ium  I (Re « 2 1 0 ) ,  T h e r e f o r e ,
we conc lude  t h a t  a l tho u gh  Re may be an im p o r tan t  s i m i l a r i t y
n
p aram ete r  fo r  l i q u i d  hel ium c r i t i c a l  v e l o c i t i e s ,  the  c r i t i c a l
va lue  72 does n o t  co r re sp o n d  to  c l a s s i c a l  t u r b u le n c e  in  the
normal f l u i d .
C. O ther  R e s u l t s
(1) E f f e c t  o f  Mutual  F r i c t i o n
33In 1950 Zwanikken d e r iv e d  an e x p r e s s io n  f o r  the  e x ce ss
3J4
energy  d i s s i p a t i o n  due to  the  mutual  f r i c t i o n  between the  
normal and s u p e r f l u i d s  in  the  case  o f  the  o s c i l l a t i n g  d i s k .
H o i l i s - H a l l e t t *  a p p l i e d  Zwanikken 's  a n a l y s i s  to  h i s  r e s u l t s  and 
found the  p r e d i c t e d  en e rg y  d i s s i p a t i o n  to  be s m a l l e r  than ob se rved  
and to  have a d i f f e r e n t  t e m p e ra tu re  v a r i a t i o n .  However, t h e r e  
appea rs  t o  be a s ig n  e r r o r  in  Hoi l i  s-Ha 1 l e t t ' s e x p r e s s i o n .  
F u r th e rm o re ,  to  app ly  Zwanikken 's  r e s u l t  to  our  d i s k  r e q u i r e s  
more terms than  o r g i n a l l y  in c lu d ed  because o f  the  l a r g e  r a d i u s  
o f  our  d i s k .  T h e r e f o r e ,  we have ex tended  Zwanikken 's  a n a l y s i s  
and have found t h a t  the  l o g a r i th m ic  decrement due to  mutual  
f r i c t i o n  can be w r i t t e n  as
D » A p s pnX(ir2R ^ / 8 l ) c [ l  + + $2 e2 + (6)
where A i s  the  G o r t e r - M e l l i n k  mutual  f r i c t i o n  p a ra m e te r ,  X i s  the
2 2normal f l u i d  p e n e t r a t i o n  d e p th ,  c i s  d e f in e d  t o  be u) R <p (<p i s
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the a m p l i tu d e ) ,  and the  $. terms depend o n ly  on t e m p e r a tu re .
T ab u la ted  v a lu e s  o f  th e  major  t e m p e ra tu re  dependen t  terms are
g iven  in  T ab le  I I .  The va lu es  o f  A were read  from a drawing
23in  a paper  by Vinen.  Using the  t a b l e  and e q .  6 to  c a l c u l a t e  
the  damping a t  an am pl i tude  j u s t  above th e  c r i t i c a l  am pl i tude  
and comparing the r e s u l t  wi th  o u r  d a t a  we f i n d  t h a t  the  
c a l c u l a t e d  va lue  i s  s e v e r a l  o r d e r s  o f  magni tude  too  l a r g e  and 
h ig h ly  t em p era tu re  dependen t .  For example ,  a t  <p -  0 .6  rad ,
T  = 12 sec and T = 1.9°K, the  c a l c u l a t e d  e x c e s s  decrement  i s  1 ,76 
and the  obse rved  va lue  i s  0 .0 0 2 .  However, i f  we t r y  to  o b t a i n  
b e t t e r  agreement  w i th  the  f l a t  cu rve  r e s u l t s  by assuming t h a t  
i n s t e a d  o f  the  am pl i tude  <p a r e l a t i v e  am p l i tud e  tp -  (flQ i s  the 
r e l e v a n t  q u a n t i t y ,  we o b t a i n  the  r e s u l t s  shown in  F ig .  12 where 
the  upper cu rve  i s  fo r  a 12 sec  p e r io d  and the  lower curve  i s  
f o r  a 4 sec p e r i o d .  The p o i n t s  c o r r e sp o n d  to  the  o bse rved  
damping a t  an am pl i tude  o f  0 . 6  rad  f o r  the  12 sec  p e r io d  and 0 .3  
rad  f o r  the  4 sec  p e r i o d .  The cu rv e s  were o b t a i n e d  by matching  
th e  d a t a  a t  2 .1°K, which r e q u i r e d  c * 0 .042  f o r  both  p e r i o d s .  The 
r e s u l t  however i s  s t i l l  in  d i sa g ree m e n t  w i th  o b s e r v a t i o n ,  s i n c e  
the  e x p e r im e n ta l  p o i n t s  show t h a t  th e  e x c e s s  damping i s  a p p r o x i ­
m a te ly  independen t  o f  t e m p era tu re  and the  th e o ry  p r e d i c t s  a s t r o n g  
t em p era tu re  dependence .  In summary, we f i n d  t h a t  the  mutual  
f r i c t i o n  f o r c e  would g iv e  an e x c e s s  decrement which i s  o r d e r s  o f  
magnitude l a r g e r  than  ob se rv ed ,  and t h a t  even when th e  t h e o ry  i s  
a d ju s t e d  to  f i t  the  d a ta  a t  2.1°K, th e  t e m p e ra tu re  dependence i s  






(cm se c /g )
Ps
(g/cm^) 11 2(sec /cm  )■
*2






2.1 190 0.03617 2.062 175.4 239 .4 11,340
2 .0 130 0.0632 2.465 44 .22 66 .39 561.8
1 .9 105 0.0838 2 .640 14.72 22 .24 49 .25
1.8 88 0 .0999 2 .637 6.340 7.477 5.697
1.6 60 0.1218 2.192 2.372 1.359 0.4973
1.4 38 0 .1344 1.532 1.229 0.535 0.1113





















(2) P e r io d  Measurements
The r e l a t i v e  change in  added moment o f  i n e r t i a  I  shown in  
F i g s .  9 and 10 g iv e s  a measure  o f  the  amount o f  f l u i d  be ing  dragged 
by th e  d i s k .  I f  th e  s u p e r f l u i d  i s  " e n t r a i n e d "  a t  h igh  a m p l i tu d e s ,  
as su g g e s te d  by Donnelly  and Hoi 11s - H a l l e t t , ^  then  we would e x p e c t  
I  to  be s i g n i f i c a n t l y  i n c r e a s e d ,  p a r t i c u l a r l y  a t  th e  lower 
t e m p e r a t u r e s .  Such behav io r  i s  indeed o bse rv ed  f o r  the  s t e e p  
c u r v e s .  I f  the  e f f e c t i v e  v i s c o s i t y  i s  assumed to  be ap p ro x im a te ly  
tĵ ,  then  th e  f r a c t i o n  o f  s u p e r f l u i d  e n t r a i n e d  can be c a l c u l a t e d ;  
th e  r e s u l t  f o r  the  d a t a  o f  F i g s .  9 and 10 i s  30% f o r  th e  3*9 sec  
p e r i o d  a t  1.52°K but  o n ly  5% f o r  the  11.5^ s e c  p e r i o d  a t  1.36°K.
The f l a t  c u r v e s ,  on the  o t h e r  hand,  show no e v id e n c e  o f  e n t r a ln m e n t  
and a re  in  q u a l i t a t i v e  agreement w i th  the  r e s u l t s  f o r  c l a s s i c a l  
l i q u i d s .  At t e m p e ra tu re s  c l o s e  to  T^ the  r e s u l t  f o r  both s t e e p  
and f l a t  cu rv es  a r e  c o n s i s t e n t  w i th  the  changes o bse rv ed  in 
o r d i n a r y  l i q u i d s  (dashed  l i n e s ) .  Due to  the  f i b e r  c o r r e c t i o n  and 
the  d i f f i c u l t y  o f  d e te r m in in g  I  p r e c i s e l y ,  th e  r e s u l t s  shown30
in F i g s .  9 and 10 a r e  s u b j e c t  to  l a r g e  e r r o r ,  so  o n ly  q u a l i t a t i v e
c o n c l u s i o n s  can be drawn. However, t h e  minimum In A I  / X  seen
3 30
a t  the  lower t e m p e ra tu re s  was ob se rved  r e p e a t e d l y ,  so  i t  i s  
b e l i e v e d  to  be a r e a l  e f f e c t ,  a l th o u g h  i t s  o r i g i n  i s  o b s c u r e .
V. SUMMARY AND CONCLUSIONS
Our major c o n c lu s io n s  a r e :  (1) t h a t  th e  damping c u rv e s  and
c r i t i c a l  v e l o c i t i e s  o b se rv ed  in  l i q u i d  he l ium  II w i th  an o s c i l l a t i n g  
d i s k  a re  s t r o n g l y  dependent  on th e  h i s t o r y  o f  the  h e l iu m  b a th ,  and
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(2) t h a t  when the  ba th  i s  n o t  d i s t u r b e d  f o r  a bou t  one hour a f t e r
re a c h in g  T^, th e  r e s u l t i n g  c r i t i c a l  v e l o c i t i e s  a r e  indep en d en t  o f
- I
t e m p e ra tu re  and vary  w i th  p e r io d  as  r  .
We have c o n je c t u r e d  t h a t  when th e  d i s k  i s  s e t  in  motion s h o r t l y
a f t e r  r e a c h in g  T , the  i n i t i a l  random motion o f  the  s u p e r f l u i d  i s
o r g a n iz e d  i n t o  a l o n g - l i v e d  s t a t e  o f  m o t io n .  This  l o n g - l i v e d
s t a t e  has th e  fo l lo w in g  f e a t u r e s :  (1) i t  does n o t  i n t e r a c t  w i th
th e  low a m p l i tud e  motion o f  the  d i s k ,  (2) i t  c au se s  the  c r i t i c a l
v e l o c i t i e s  to  depend upon te m p e ra tu re  and d i s k  ro u gh n ess ,  (3) i t
c au se s  th e  s u p e r f l u i d  t o  be e n t r a i n e d  a t  h igh  a m p l i tu d e s ,  and
(*0 i t  p e r s i s t s  as long as the  t em p era tu re  remains below T^.  These
r e s u l t s  s u g g e s t  t h a t  th e  l o n g - l i v e d  s t a t e  c o n s i s t s  o f  a s t a b l e
a r r a y  o f  v o r t e x  l i n e s  and t h a t  th e  r e s u l t i n g  c r i t i c a l  v e l o c i t i e s
are  o f  th e  n o n - i d e a l  t y p e .
When th e  d i s k  i s  n o t  d e f l e c t e d  f o r  one hour a f t e r  r ea ch in g
T^, th e  i n i t i a l  unorgan ized  motion o f  the  s u p e r f l u i d  d i e s  o u t  and
consequen t  measurements r e v e a l  th e  fo l lo w in g  f e a t u r e s :  (1)  the
c r i t i c a l  v e l o c i t i e s  a r e  h ig h e r  than  p r e v i o u s l y  o b se rv ed ,  a r e
in d epend en t  o f  t e m p e r a t u r e ,  and ( p o s s i b l y )  a re  independen t  o f  d i s k
roughness ,  and (2) the  s u p e r f l u i d  i s  n o t  e n t r a i n e d  a t  h igh  a m p l i tu d e s .
S ince  th e  s u b c r i t i c a l  f low  shou ld  be f r e e  o f  v o r t l c i t y  in  t h i s  c a s e ,
th e  c r i t i c a l  v e l o c i t i e s  a r e  presumed to  be o f  the  i d e a l  t y p e .
From th e s e  c r i t i c a l  v e l o c i t i e s  we o b t a i n  a t e m p e r a tu re - in d e p e n d e n t
-4  2k in e m a t ic  v i s c o s i t y ,  1.2 x 10 cm / s e c ,  which i s  then  used 
to  c a l c u l a t e  a c r i t i c a l  Reynolds number, Re ■ 72.  T h is  v a lu e  i s  in  
good agreement  w i th  the  va lue  c a l c u l a t e d  from th e  Reynolds nun bar
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33proposed  by Van Alphen et,  a K  However, we r e j e c t  t h e  Idea  
t h a t  th e s e  c r i t i c a l  v e l o c i t i e s  a r e  due t o  t u r b u le n c e  in  th e  normal 
f l u i d  because  (1) th e  e x c e s s  damping i s  much l a r g e r  th an  o b se rv ed  
in  o r d i n a r y  l i q u i d s  ( s e e  F i g .  3) and (2) no such c r i t i c a l  va lue  
o f  the  Reynolds number has been o bse rved  w i th  o s c i l l a t i n g  d i s k s  
in  o r d i n a r y  l i q u i d s .
The e x c e s s  decrement a t  an am pl i tude  s l i g h t l y  above c r i t i c a l  
was found to  be t e m p e r a tu re  independ en t  f o r  the  f l a t  c u r v e s .  A 
c a l c u l a t i o n  o f  th e  e x c e s s  decrement  e x p e c te d  from mutual  f r i c t i o n  
(based  on a th eo ry  o f  Zwanikken) gave v a lu e s  which changed 
S t r o n g ly  w i th  t e m p e ra tu re  and were much l a r g e r  than  o b s e r v e d . 1
The va lue  o f  the  low am p l i tu d e  damping f o r  both s t e e p  and 
f l a t  c u rv e s  was ob se rved  to  i n c r e a s e  when the  b a th  h e i g h t  f e l l  to  
w i t h i n  about  100 p e n e t r a t i o n  d e p th s  o f  th e  d i s k ,  s u g g e s t i n g  a 
long range  c o n n e c t io n  between e n e rgy  d i s s i p a t e d  in  th e  v i c i n i t y  
o f  the  d i s k  and th e  l o s s  o f  en e rg y  a t  t h e  f r e e  s u r f a c e  o f  th e  
h e l ium  b a t h .  This  e f f e c t  does n o t  oc cu r  In c l a s s i c a l  l i q u i d s .
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APPENDIX I
A l - l
C a l c u l a t i o n  o f  Low Amplitude 
L og ar i thm ic  Decrement
The e x p r e s s io n  used to  c a l c u l a t e  the  low a m p l i tud e  l o g a r i th m ic  
decrement  i s  t h a t  g iven  by Dash and T a y l o r : ^
T T) p_(1 “ D/2ff)]^k
Dn ------------------- -— \ ----- j ---------------- ( A l - l )
n 21(1 + r  /T  )V
2
where k -  (1 +2d/R + 3Xd/R + 8aX/R) i s  a g e o m e t r i c a l  f a c t o r  in
which X i s  the  normal f l u i d  p e n e t r a t i o n  d e p th ,  R i s  the  d i s k  r a d i u s ,
d i s  th e  d i s k  t h i c k n e s s ,  and o  i s  a c o rn e r  pa ram ete r  which was 
13shown by F o lse  to  have the  va lue  0 . 3 0 .  In making the  a c t u a l
c a l c u l a t i o n s  D/2ff was n e g le c t e d  in comparison  w i th  u n i t y  and the
r a t i o  o f  the  p e r i o d  t o  the  vacuum p e r io d  r /T y was assumed
ap p ro x im a te ly  eq u a l  to  u n i t y .  The v a lu e s  o f  normal f l u i d
v i s c o s i t y  rf and d e n s i t y  were taken  p r i m a r i l y  from r e f e r e n c e s
11 and 12 and a re  g iven  in  Table  I I I .  T ab le  JV c o n t a i n s  ( f o r
s e l e c t e d  t e m p e r a tu re s  and p e r io d s )  the  c a l c u l a t e d  va lu e  o f  the
low am pl i tude  l o g a r i t h m i c  decrement D , ■ (D + D ) as w e l lc a i c  n v
as the  o bse rved  v a lu e  Dq , the h e i g h t  o f  th e  he l ium  b a th  above 






2 .17 24.3 0 .142 7
2 .1 5 2 2 .0 0 .1 2 9 6
2 .1 0 18 .5 6 0 .1 0 9 7
2.05 16.36 0.0951
2 .0 0 14.90 0 ,0825
1.95 13-97 0 .0713
1.90 13.40 0 .0617
1.85 13.12 0.0532
1.80 12 .90 0.0455
1.75 12 .86 0 .0389
1.70 12.92 0.0333
1.65 13.07 0 .0281
1.60 13.30 0.0235
1.55 13.60 0 .0194





1.25 16 .96 0.00545
1 .20 18 .08 0.00419
1.15 19.96 0 .00308











h/X 00 0 , c a l c
2 .0 9 1 3 .9 13.02 0.0143 910.3 0.0125 0.0125
1.846 3 .9 12 .38 0.0174 7 1 1 .6 0.0075 0.0075
2 .037 1 1 .54 17.15 0.0251 683.1 0 .0 1 8 9 0 0 .0 1 8 9 0
2.146 8 .8 4 14.61 0.0214 6 8 2 . 5 0.00460 0.00460
2.045 19.5 16.83 0 .0324 519 .4 0 .0258 0.0257
1.824 11.54 12.7 0 .0309 411 .0 0.01265 0 .0 1 2 6 0
1.556 3 .9 9 .53 0 .0 2 9 0 328.4 0.0049 0 .0047
1 .518 11.54 9 .8 4 0.054 182 .0 0.0084 0 .0 0 7 9
1.408 3 .9 6 .67 0.0405 164.6 0.0043 0.0041
1.433 1 9 .6 11.75 0.0851 138.04 0 .0 1 0 0 0.00915
1.413 1 1 .54 8 .8 9 0.0679 130.9 0 .0076 0.0067
1.75 4 5 .0 8 .9 2 0 .0684 130.0 0.00915 0.00845
1.825 12.4 3 .81 0.0317 120 .0 0.0140 0.0133
1.475 8 .8 4 5.72 0.0520 109.9 0 .0022 0.00173
1.94 4 5 .0 5 .0 8 0.053 9 5 .85 0 .0132 0.01115
1.582 19-1 5 .25 0.0603 8 6 . 9 0 .0 1 3 0 0.0114
1.33 3 .9 3.81 0 .049 77.7 0 .0 0 1 9 0.0014
1.429 19 .6 5.87 0 .0860 6 8 .3 0 .0 1 2 0 0.0091
1.346 9.33 3.81 0.0727 5 2 .4 0.0345 0 .0 0 2 3 0
1.25 19-1 4 .13 0 .1409 29 .3 0 .0 1 2 0 0 .0 0 7 2
1.415 1 9 .6 2.22 0 .0886 25.1 0 .0 1 3 0 0.0089
1.488 12.1 1.27 0.0591 21 .5 0.00325 0.00183
A I 1 - 1
A P P E N D I X  I I
Computer Program Used to  C a l c u l a t e  
and P l o t  L ogar i thm ic  Decrement Curves
An IBM 3&0 Mod 65 computer  was used to  compute the  l o g a r i th m i c  
decrem en ts  from the  d a ta  tak en  in  the  lab ,  and in  c o n ju n c t i o n  w ith  
th e  computer  a Calcomp 563 i n c re m e n ta l  p l o t t e r  was used to  p l o t  
th e  cu rv e s  o f  l o g a r i t h m i c  decrement  v e rsus  a m p l i tu d e .  The p l o t t e r  
i s  coup led  to  a Calcomp 570 m agne t ic  tape  u n i t ,  and in f o r m a t io n  
r e q u i r e d  to  d r i v e  the  p l o t t e r  i s  rec o rd ed  on a m agne t ic  tape  by 
means o f  F o r t r a n  IV r o u t i n e s  a v a i l a b l e  on th e  360 com puter .
A t y p i c a l  program used in the  c a l c u l a t i o n  o f  D f o r  d i s k  C w i th  
a 13 second p e r io d  i s  l i s t e d  below:
C LOG DECREMENT PROGRAM FOR 12.87 SEC PERIOD 7 / 1 /6 9  
DIMENSION DATA(2000)
CALLPLOTS(DATA(1 ) ,2 0 00 )
DIMENSION A (900) ,W (60) , CRV(60), DO( 9 ) , A0(9)
NT-1
READ( 5 ,1 0 0 ) NB 
100 FORMAT (13)
READ( 5 . 3 0 0 ) (C R V (I ) , l - l .N B )
300 FORMAT (18F^+. 1)
READ( 5 . 2 0 0 ) (W(N),N-1, NB 
READ( 5 , 2 0 0 ) (DO(N), N - 1 ,NB)
READ( 5 , 2 0 0 ) (A0(N), N -1 , NB)
200 FORMAT(12F6.3)
N-0
Al I - 2
5 CALLPL0T(0. 0 , 0 ,0 ,+3)
CALLPLOT(0.0,1 6 .0 ,2 )
CALLPLOT(1 7 . 0 , 1 6 . 0 , 2 )
CALLPLOT( 1 7 - 0 , 0 . 0 , 2 )
CALLPLOT( 0 . 0 , 0 . 0 , 2 )
CALLPL0T(0.5 ,0.5,-3)
C ALLAX I S ( 0 .0 ,  0 .0 ,  9HDECREMENT ,9 ,  1 5 * 0 ,9 0 .0 ,DO(NT) ,0.001*, 5-0)  




3 IF(CRV(NT).EQ.NT)GO TO 7 
GO TO 8
7 CALLPLOT( “ 0 . 5 , " 0 . 5 , * 3 )







READ(5»1 0 ) ( A ( l ) , ) - K , L )
IE(A(L)- 0 . 0 ) 1 6 , 1 6 , 1 5  
10 FORMAT ( 12F6.3)
16 J - 3  
1-0
A|  ( - 3
17 Y - 7 . 0 0
51 Y-Y-0.50
J - J + l  
kQ 1=1+1 
X - J  
M= l + J
IF(A(M),EQ.O.O)GO TO 6 
Q=A(0-A(M)
Z=W(N)
A l= (A ( t ) -Z )* 0 .0 1 5  
A2=(A(M)-Z)*0.015 
IF(Q -Y)50 ,60 ,60  
5 0  1= 1 - 1  
GO TO 51 
60 B=(Al+A2)/2.0
D=AL0G(A1/A2J/X 
20 WRITE( 6 , 2 3 ) J»Y,B,D 
23 F0RMAT(1X J 6 . 2 F 9 . 3 . E 1 6 . 8 )  
IF(D-D0(NT) ) 1+0,40,1+2 
h 2  B=(B-AO(NT))*6.666666 
D-(D-D0(NT))*250.0 
I F ( N .E a . l )  NJ-0 
1F(N .EQ.2) NJ-1 
I F(N.EQ,.3) NJ-2 
1 F(N .EQ.l*) NJ-5 
IF(N.Ea.S)  NJ-14





GO TO 40 
25 CALLPL0T(0.0 , 0 . 0 , - 3 )
CALLPLOT( 0 .0 ,  0 .0 ,9 9 9 )
STOP
END
The number NB i s  the  t o t a l  number o f  cu rv e s  to  be a n a ly z e d .  The 
s u b s c r i p t e d  v a r i a b l e  CRV(l) i s  employed in  s t a t e m e n t  3 to  d e te rm in e  
how many cu rves  w i l l  be p l o t t e d  on a g iven  s e t  o f  axes ,  i . e .  i f  
a f t e r  p l o t t i n g  2 c u rv es  on the f i r s t  s e t  o f  axes I want to  draw 
a n o th e r  s e t  b e fo re  p l o t t i n g  the  t h i r d  cu rve  then CRV(3) * 00 3 .0 .
The z e ro  c o r r e c t i o n  fo r  each  run i s  read  in  as W(N) and both 
D0(N) and A0(N) a re  th e  v a lues  o f  the  l o g a r i t h m i c  decrement  and 
am pl i tude  r e s p e c t i v e l y  a t  th e  o r i g i n  o f  the  axes f o r  a g iven  curve  
N. A f t e r  drawing the  axes ( s t a t e m e n t s  5“4) the  d a t a  i s  read  in 
( s t a t e m e n t s  8 - 1 0 ) .  The number 00 .000  i s  p lac ed  in  the  l a s t  
p o s i t i o n  o f  th e  l a s t  c a rd  fo r  each  run to  e n s u r e  t h a t  o n ly  one run 
i s  read  in  a t  a t im e .  S ta te m en ts  16, 17, and 51 r e g u l a t e  the  
i n i t i a l  c h o ic e  o f  the  number o f  a m p l i tu d e s  between those  being used 
to  c a l c u l a t e  D and the  f i n a l  number t o  be used ,  which shou ld  be 
p re d e te rm in e d  by th e  s i z e  o f  the  damping. Each log decrement  D and 
c o r r e sp o n d in g  am p l i tu de  B i s  then  computed, p r i n t e d  o u t ,  and p l o t t e d  
up one a t  a t im e .  In p l o t t i n g  each  p o i n t  up ( s t a t e m e n t  43) NJ
Al I - 5
r e f e r s  to  a code number which c o r r e sp o n d s  to  the  p a r t i c u l a r  
symbol to  be used,  and both B and D a re  c o n v e r t e d  to  inches  
( s t a t e m e n t  *+2) ,
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